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SUMMARY
,

Young

An experimentalinvestigationhasbeenperformedonthethermaland
hydrodynamicalbehaviorofairflowingalonga passageofwhichoneside
wasflat(andsteam-heated)andtheothersidewaswave-shaped(mid
unheated).

Twoseriesoftestswereconducted:Oneseriesinwhichthewave-
shapedplateandthesteam-heatedplatewereplacedinexactopposition
(thermalboundarylayerat leadingedgeofflatplateandflowover
waveplatebeginningat samepoint)andtheotherseriesinwhichthe
leadingedgeofthewaveplatewasplaced9 inchesupstreamofthe
leadingedgeoftheheatedplate,therebypromotingturbulenceupstream
ofthebeginningofthethermalboundxmylayer.Inthefirstseriesof
tests,twowaveplates,ofdifferentamplitudeandwavelengthwereused.
A rangeofairweightratesandspacingsbetweentheheatedplateand
thewaveplatewasinvestigated.

.
An analysisoftheheat-transferandpressure-droptitsreveals

thattheturbulenceproducedby airflowingoverwavysurfacesapproxi-
matelydoublestheheat-transferratefornarrowductwidths.Of course,
at largeductwidthstheeffectisnegligible.Thepressuredropwas
greatlyincreasedoverthatfora straightduct.Thepressuredropwas
increasedto atleastk timesforlargeductwidthsandtoatleast
10timesforsmallductwidths.
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INTRODUCTION

NACATN2A-26

Extensivetestsonaircraftheatexchangerscarriedoutinthis
laboratoryundertheauspicesoftheNationalAdvisoryConmitteefor
Aeronauticsindicatedthatsomesystemswereeasilypredictablefrom
establishedempiricalheat-transferequations.However,manysystems
encounteredwerenotreadilypredictable.Thesesystemsconsistedof
somefinnedsurfacesandcertaincasesinwhichthepassagewasnot
straightandofuniformcross-sectionalarea.A finned-surfacesystem
wasinvestigatedand‘?porte’dinreference1. A studyofheat-transfer
andpressure-dropdataforthecaseof airflowbetweena heatedplane
surfaceandanunheatedwavysurfaceispresentedherein.

Oneobjectoftheinvestigationwasto determinetheaddedheat-
transferrateandpressuredropcausedby thesinuousflow.Theexperi-
mentaldatawerethuscompsredwiththeresultsforflowbetweentwo
planesurfaces.Of course,theincreaseoftheheat-transferrate
duetothepresenceofthewaveplatewasfoundtovarywiththeair
weightrate,thepassagewidth,theamplitudeandwave-lengthofthe
wavysurface,andthedistancefromtheoriginofthethermalboundary
layer(beginningofheatedsection).

Theunitthermalconductanceattheleadingedgeofa heatedflat
plateina fluidstreamofuniformvelocityistheoreticallyinfinite
anddecreaseswithticreasimgdistancefromtheleadingedge.Forthis
case,thehydrodynamicboundarylayerandthethermalboundarylayer
beginatthesamepoint.Experimentsreportedinreferences1 and2
forflowinsideductsshowedthathighvaluesoftheunitthermalcon-
ductancewereobtainedneartheoriginofthethermalboundarylayer
evenforthecaseinwhichthehydrodynamicboundarylayerwasinitiated
ata pointseveraldiametersupstream.

An investigationofthisphenomenonwascarriedonforthepresent
systembymakingtwoseriesoftests:Oneseriesinwhichthethermal
boundarylayerandtheturbulence-generatingwaveplatewereinitiated
atthesamepointby plAcingthesteam-heatedplateinexactopposition
to thewavyplate(fig.1, system(1)and(2))=d theotherseries~
whichtheturbulencewasinitiatedbeforethethermalboundarylayerby
placingtheleadingedgeofthewavyplate9 fichesaheadoftheste~-
~eated-plate(fig.-l,system(3)).

Thisinvesti@ion,partofa research
UniversityofCalifornia,wassponsoredand

programconductedatthe
financedbytheNACA.
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x distancealongheatedplate,feet

Y~~ minibmmductwidth;distancefromheatedplateto crest
ofwaveplate,inches

Y()- ductwidth;distancefromheatedplatetohollowofwave
platedirectlyopposite,inches

7 airdensity,(lb)/(cuft)

‘o dxed-meanitemperatureofairatentranceoftest
section,OF

‘x computedlocalmixed-meanairtemperature,%

DESCRIPTIONOFAYP~S

Thetestequipmentwasthesamestesn-condens~calorimetric
apparatusasthatusedinthepin-fintestsdescribedinreference1.
Thesteam-heatedplateusedherewastheso-called“umfinned”plate
usedinthosetests.Thebackofthisplatewasfittedwitheight
steam-condensatecollectionsectionsinorderto obtainlocalorpoint
heat-transferrates.Thewaveplatewasmountedontheoppositeside
oftheductonthepanelwhichwasmovableinordertovarythedistance
betweenthetwoplates(seefig.1 forschematicdrawingofequipment).

Thedimensionsofthewaveplatesandtheirpositionsforthe
varioussystemsmaybe givenas follows:

SystemI System2 System3

Waveplateused Large Large

Doubleamplitude,in. 0.22 0.62 0.62

Wavelength,in. 1.3 2.6 2.6

Totallengthofwaveplate,in. 20 31 31 ‘

Positionofleadingedge
ofwaveplatewithrespect Directly Directly 9 in.
to lea&ingedgeofheated opposite opposite upstream
plate

Bothwaveplatesweremadeof corrugatedsheetiron.

I

—.. — .._—
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METHODOFANALYSIS

Theprocedurefollowedinobtainingthe
sameasthatdescribedinreference1.

HeatTransfer

Fromthedataobtained,thelocalunit
isdeterminedasa functionofthedistance

dataforthisreportwas

thermalconductancefcx
fromtheleadingedgeof

theheatedtestplate,theductwidth(gapwidth)Yoj ad the weQht

rateperunitareaofairflowingthroughthepassagesG.

Theheattransferredfromthecondensingsteaminthesteamchest
to theairflow”ingthroughthepassageiscalculatedfrom:

)q ‘%ap~av - “av (1)

wherehap istheheatofvaporizationforwateratatmospheric
pressureand212°F, I& istheaveragerateof condensationpersec-
tionunder“load”conditions,and .R’avistheaveragerateof conden-
sationunder“no-load”conditions.Theterms“load”and“noload”apply
tothetestconditionsinwhichairwaspassedandnotpassed,respec-
tively,overthetestplatewhilecondensationdatawereobtained.

Themixed-meantemperat~,esoftheairattheentranceTo andat
t theexitofthetestsectionwere

togetherwiththetemperaturesat
section,wasalsocalculatedfrom
airweightrates.

Theunitthermal

or

conductance

measured.Thetemperatureattheexit,
intermediatepointsalongthetest
themeasurementsofheatratesand

isthencalculatedfrom

q = fc#l(tp - +x)

f= q
Cx A(% - TX)

..

‘(2)

(3)

— .——— .-—— — --- - —— —- .- .–— ——
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whereA istheheat-transferareacorrespondingtothemeasuredheat
rate q, ~ isthemeasuredsurfacetemperature,and Tx isthe
computedlocalmixed-meanairtemperature.

Themeasuredunitthermalconductancearecomparedwithpredicted
valuesbymeansoftheequation(reference3)for

o<~ <8.8 (seealsoreference1). .
%

f = 7.3 x 10-4 ~fo.3 &“8 -
Cx X0.2

for

z“>8*8-
?H

0.8
fCx= 5.4x 10-4T003~

h“u

where

x

%

fCx

Tf

G

T

distsmcealongheatedplate,feet“

.( )Lx Cross-sectionalareahydraulicdiameter,feet
Wettedpertieter ;

(?E= 2yo forsmallvaluesof yo)

localorpointvalueofunitthermalconductance,
Btu/(hr)(sqft)(%)

arithmeticaverageofmixed-meanabsolutetemperatureof
airandabsolutetemperatureofplate,‘R

averageweight
(lb)/(hr)(sq

mixed-meamair

rateoffluidperunitcross-sectionalarea,
ft)

absolutetemperature,‘R
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Static-PressureDrop

7

Themeasuredstatic-pressuredropshavebeencorrectedtoapply

to 16 inchesofwaveplate.

A static-pressure-dropcoefficientwascalculatedfromthe
eguation:

Ap—=
()

~ %2
7 2g

where ~ isthevelocityofairtakenattheminimumcross-
sectionalareaforflow.

(4)

/

RESULTSANDDISCUSSION

HeatTransfer

Thevaluesofthelocalunitthermalconductancefcx arepre-
sentedinfigures2 to 4 asa function.ofthedistancealongtheheated
platex, theaverageweightrateperunitcross-sectionalarea G,and
theductwidth yo. Twoflowconditionsweretested:Oneinwhlchthe
heatedlengthandthewaveplatewereinexactopposition(systems(1)
and(2))andoneinwhichtheflowoverthewaveplatewasinitiated
upstreamoftheheatedlength(system(3)).Intheformercasetwo
platesof differentwavelengthandamplitudeweretried.(Seefig.1.)
Includedineachfigureisa schematicdiagamshowingtheflowcon-
ditionforwhichthedataweretakenandtherelativemagnitudesof
theductwidthandoftheamplitudeandwavelengthofthewaveplate
used.

Theaverageunitthermalconductancefcav isplottedinfigure5
againsttheaverageweightrateperunitcross-sectionalarea G,and
figure6 givesthevariationof fcav withtheductwidthsy. for
thethreeexperimentalconditions.

Uponreviewingthedataobtainedandthecrossplots,theeffect
ofthewaveplateontheheattransferovertheheatedplatemaybe
summarizedasfollows:Theincreaseofheattransferalongtheheated .
plate(calledtheUnfinnedplatein
thewaveplatesislargefornarrow

reference1) dueto th=presenceof
ductwidthsonly.Thisincreaseis

— -— —...—. ———. .— .—— —- —--— -—-—— -—-
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.

duetotheaddedturbulenceandeddyingflowandthealternateincrease
anddecreaseinfluidvelocitycausedby thewaveplates.Theeffect
ofturbulenceandedd@ngis,evidentinfigure7 wherethevariation
ofthelocalunitthermalconductancewith&Lstancealongtheheated
plateisplottedatoneweightrateperunitareaandonenarrowduct
widthforthethreeconditions:

(1)A heatedplatewithoutanywaveplates(calledunfinnedflat
plateinreference1)

(2)Thesteam-heatedplateandthewaveplateplacedinexact
opposition(thermalboundarylayerandflowoverwaveplatebeginning
atthesamepoint,systems(1)and(2))

(3) Thelea- edgeof thewaveplateplaced9 inchesupstream
oftheleadingedgeoftheheatedplate(system(3)) .

Inthelastcasetheamountof increasedturbulenceandeddyflow
ispracticallyconstantalongtheheatedplateandthustheincrease
ofheattransferinthiscasecomparedwiththeheatedplatealone
(case(1)above)isunfiormalongthetestplate.Theheat-transfer
rateisapproximatelydoublethatfortheheatedplatealoneforthe
verynarrowductwidths.At largeductwidthstheheatratewasabout ~
equaltothatoverflatplatesalone,andinsomecaseslowerthanthe
flat-platedatapresentedinreference1. Thereasonforthisfactis 1

notknown.Sincethesedatawereobtained,however,someundeterminable
errorsinthemeasurementoftheairweightratedueto smallleaksin
theapparatuswerediscovered.Theseerrorsmayexplain,inpart,the

~,

discrepancynoted.

Inthecasewherethesteam-heatedplateandthewaveplateare
initiatedtogether,theheat-transferrateisshown(fig.7)tofollow
thatoftheunfinnedplatefora shortdistancealongtheplate.After
a transitionperiodtheheat-transferrateincreasestothatof system(3)
wheretheamountofaddedturbulenceandeddyingflowhasapproachedan
asymptote.

An examinationofthedistributionofheat-transferratenearthe
entrancetotheheatedsectionrevealsthattheunitthermalconductance
varieslikethatovera flatplate;thatis,itapproachesinfinityat
theleadingedge,eventhoughthehydrodynamicboundarylayerhasalready
started.Thisfactconfirmstheobservationsmadeinreferences1 and2.

Static-WessureDrop
●

Thestatic-yressure
wave-plateconditionsis

dropacrosstheheatedplatewithdifferent
presentedinfigure8 asa functionofthe ,f
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averageweightrateperunitarea G withtheductwidth y. as
parameter.Thevariationofthestatic-pressuredropwithductwidth
isshowninfigure9.

Thestatic-pressuredropincreaseswithdecreasingductwidthat
a greaterratethantheheat-transferrate(cf.correspondingcurves
infigs.6and9).

Anexaminationoffigure9 revealsthatthepressuredropis .
greatlyincreaseduponinsertionofa wavyplateina straightduct
system.Forsmallductwidthstheincreasewasat least.10tties,
whileforlargeductwidthstheincreasewasat least4 tties.

+ttemptsweremadetopredictthepressuredropalongthewave-
platesectionby consideringthegradualexpansionandcontractionof
theairas itpassedalongeachwavelengthofthetestsection.The
resultsobtainedby thismethodweremanyttiesgreaterthanthe
measuredvalues.

Thetablebelowpresentsvaluesofthepressure-dropcoefficientK
evaluatedfromequati&(4).

System

(1) - Shortwave

(1)- Shortwave

(2)and(3J- Longwave

(2)and(3)- Longwave

(2.)
5/8

7/8

Ymin
(in.)

1/2

1/4

K perwave

0.07

.01

.12

.04

Valuesof K estimatedfromexpansionandcontractiondatawere
usuallyatleastfourtimesthevalueslistedabove.Theterm y~n
istheminhmmdistancebetweentheflatheatedplateandthewave-
shapedplate.Thequantitiesy. andyti differby thevalueofthe
doubleamplitudeofthewaves.

. .

— .——— — —.— —.— —-— ..—.— .— — ---—— -—- -,,
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CONCLUSIONS

Fromanexperimentalinvestigationof
behaviorofairflowhgbetweena flatand
followingconclusionsaredrawn:

thethermalandhydrodynamical
a wave-shapedplate,the

1.Turlmlencecausedby airflowingbetweena heatedfI& surface
anda wavyunheatedsurfaceincreasestheheattransferredfromtheflat
plateasmuchastwofoldfornarrowductspacingsoverthatforflow
%etweentwoflatplates.Thisphenomenondoesnotoccur,however,at
wideductwidths.

2.Thevaluesofthelocalunitthermalconductanceneartheleading
edgeoftheheatedplatewhenthewave=shapedplateisplacedupstream
oftheheatedplatearehigherthanthoseforthecasewheretheplates
areplacedinexactoppositionbecauseofthegeneratedturbulenceof
theair.

3. Thestatic-yressuredropforflowalongthewave-shapedplateis
4 to 10tties(dependingontheductwidthsndshapeofplate)thatfor
flowdOIlg straight ducts.

DepartmentofEngtieering
Universityof California

Berkeley,Calif.,Jsnuary10,1946
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Figure 2.- Variation of local unit thermal conductance with distance along
heated plate for ~stem (1).
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Figure4.-Variation of local tit therml conductance with distance along
heated plate for system (3).
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